INTRODUCTION
============

Adenosine-to-inosine (A-to-I) RNA editing is catalyzed by a family of enzymes called [a]{.ul}denosine [d]{.ul}e[a]{.ul}minases that act on [R]{.ul}NA (ADARs) (1,2). Two enzymes, ADAR1 and ADAR2, have been shown to have catalytic activity on substrates in the mammalian brain ([@B3]). These enzymes convert A-to-I within structured RNA that is largely double stranded (ds). There are three dsRNA binding domains (dsRBDs) in ADAR1, while ADAR2 has two dsRBDs. Both enzymes have one catalytic deamination domain in the C-terminal.

*In vivo*, A-to-I editing has been categorized into two types: (i) *hyper*-editing of multiple adenosines in longer and almost completely duplexed structures. Hyper-editing has been found almost unanimously within untranslated regions and the functional consequences still remain unclear ([@B4; @B5; @B6]) and (ii) *site selectively* edited substrates, where a few adenosines are targeted within an imperfect RNA fold-back structure. The properties that make an RNA prone for site selective editing are still not fully understood, but the assumption is that internal mismatches and bulges within an RNA duplex are important for ADAR selectivity ([@B7; @B8; @B9]). Site selectively edited substrates have mainly been found in transcripts coding for proteins involved in neurotransmission ([@B3]). In most of these substrates, the editing events have been shown to have functional consequences on neural ion channels. Inosine is interpreted as a guanosine (G) by the translational machinery. Thus, if the editing event occurs within the encoded sequence of an mRNA, then it can give rise to amino acid changes and variant functional properties of the final protein. Besides, intronic editing has the potential to produce multiple isoforms by inducing alternative splicing. ADAR2 has been shown to auto-edit its own pre-mRNA but only −1 out of the several edited sites within intron 4 creates a new splice site with the possible consequence of a truncated protein if translated ([@B10]).

In this study, we chose three substrates that are selectively edited at several sites to determine the mechanism of target recognition. The selected transcripts code for the ADAR2 protein, the serotonin receptor 5-HT~2C~ and the kainate glutamate receptor subunit GluR-6. ADAR1 and ADAR2 have specific but overlapping specificities for site selective editing. Of the five sites that are edited in the 5-HT~2C~ transcript (A, B, C′, C and D), the A-site is prone to ADAR1 editing while the D-site is mostly edited by ADAR2 (11,12). The other sites have the potential to be edited by both ADAR1 and ADAR2. The glutamate receptor subunit GluR-6 is edited at four sites. Two of these sites (I/V and Y/C) are located in transmembrane segment 1 (TM1) of the receptor, affecting the Ca^2+^ permeability of the channel ([@B13]). These are both edited by ADAR2 ([@B12]).

Recently using the *454 amplicon sequencing* technique, we showed that editing of most selectively edited substrates are regulated during development ([@B14]). We took advantage of this knowledge to study coupling of edited sites in individual transcripts at different levels of editing efficiency. The high number of sequenced transcripts allowed us to develop a statistical basis to deduce coupling of nearby editing events in a substrate also at low levels of editing efficiency. Here, we introduce new data indicating that there is a coupling between edited sites at semi-fixed distances from each other. Furthermore, we show that the ADAR enzymes preferentially recognize adenosines located in the major grooves on the same side of an A-form double-helix structure.

MATERIALS AND METHODS
=====================

454 AMPLICON SEQUENCING FOR EDITING ANALYSES {#SEC454}
--------------------------------------------

RNA was isolated from mouse brains at embryonic day 15 and 19 and postnatal day 2 and 21 using TRIzol (Invitrogen). The preparation of the sample for sequencing was as described in ref. ([@B14]). The products were sequenced using the 454 amplicon sequencing technique ([@B15]) according to the instructions by the manufacturer (Roche).

Identification of edited transcripts from the 454 sequencing
------------------------------------------------------------

Identification of edited transcripts was done by categorization of transcript through the recognition of the sequencing primer. The editing pattern for each of the three transcripts was directly compiled from string matching in Perl. The string was the nucleotide sequence of the target region with the editing site(s) which were matched to A or G, i.e. with the instruction '`OR(A OR G)`'. All A:s and G:s were directly calculated through the matching.

Determination of editing frequencies and coupling
-------------------------------------------------

To determine coupled editing for a given transcript, we used a *χ*^2^-test and cluster analyses. The null-hypothesis for the *χ*^2^-test is independent editing for a given pair of targeted sites. The result of the *χ*^2^-test is either rejection or acceptance. Here, rejection of the null-hypothesis indicates the pair as mutually edited with a significance set by the *p*-value. Since we perform multiple measurements of *χ*^2^, we also make a *Bonferroni* correction where an adjusted *p*-value *p*′ is used: *p*′ = *p*/*n*, where *n* is the number of measurements and *p* = 0.05 ([@B16]). Each developmental stage is separated in the calculations and we also apply the Bonferroni correction accordingly.

For the cluster analyses we used XLSTAT, an Excel add-in (Microsoft). Since a target position is either edited or not edited, the data is binary and can be set to (1 or 0). In the cluster analysis, we use a similarity matrix where each element is calculated according to Dice coefficients, *D~ij~* = 2*a*/(2*a* + *b* + *c*). Dice coefficients are used in cluster analyses when the data is binary and twice the weight are put on agreements. This is in contrast to the *χ*^2^ analyses where 0 (not edited) and 0 (not edited) is weighted equally to 1 (edited) and 1 (edited). Here, '*a*' is the total number of transcripts having 1 and 1 for a position pair. Furthermore, '*b*' and '*c*' are 1 and 0 or 0 and 1, while '*d*' is 0 and 0. Given the Dice values XLSTAT groups each position into classes and also produce dendrograms that show the distances between classes ([Figure 2](#F2){ref-type="fig"}). Here the distance to the splitting (root) between classes corresponds to the level of similarity, i.e. the longer distance the more dissimilar, which in this case indicates less mutual editing. Figure 1.Developmental regulation of editing in the Adar2 (**A**), 5-HT~2C~ (**B**) and GluR-6 (**C**) transcripts. The efficiency of editing is plotted against the age of the mouse. On average 600 sequences were analyzed. Detailed information on number of edited transcripts can be found in ref. ([@B14]) and at the NCBI Short Read Archive (SRA), accession number SRA008179. The sequential context in which the edited position (in bold) reside for the Adar2, 5-HT~2C~ and GluR-6 transcripts are shown on the top of graphs in A, B and C. Figure 2.The resulting dendrograms from the cluster analyses of Adar2 edited positions at the four developing stages with the corresponding clustering of positions (classes) below. An annotation of the same class denotes positive coupling properties. The dendrograms have been made using XLSTAT (see 'Materials and Methods' section).

Molecular modeling
------------------

RNA secondary structures were predicted by MC-Fold ([@B17]) from sequence alone using the publicly available Web site (<http://www.major.iric.ca/MC-Fold>) with the following parameters: MaxBulge 2; UseBulge 2; MeanNrgy −1.0; CapNrgy: +0.5; Explore 21%; and Branches 9. The lowest-energy structures were then submitted to MC-Sym from script automatically generated from the MC-Fold output using the default parameters: method 'exhaustive'; model_limit 100; rmsd 3.0. The tertiary models were scored, relieved and energy minimized using the options offered by the MC-Sym working directories (see the Web site for details).

RESULTS
=======

Regulation of editing during development depends on site location
-----------------------------------------------------------------

To investigate the recognition mechanism for selective editing, we chose three transcripts known to be subject to multiple A-to-I editing events in the mammalian brain: GluR-6, 5-HT~2C~ and Adar2. Total RNA from mouse brain was extracted and amplified by reverse transcriptase followed by a polymerase chain reaction (RT-PCR) using primers specific for amplification of regions including site −28 to +28 in Adar2 (nine sites); the A, B, C′, C and D site in 5-HT~2C~ and the I/V and Y/C sites in GluR-6 ([Figure 1](#F1){ref-type="fig"}). The products were subsequently sequenced according to the 454 amplicon sequencing protocol ([@B14]). The advantages with this technique for editing analyses is that even low levels of editing efficiency can be detected. Also, this sequencing method produces a large number of sequenced transcripts (reads) giving a high statistical significance when modification by RNA editing is determined. All sequences corresponding to the individual A-to-I editing substrates were analyzed for A to G changes. The extent of editing was determined for different developmental stages of the mouse brain: embryonic day 15 and 19, (E15 and E19), as well as post-natal day 2 and 21, (P2 and P21). In all three substrates, an increase in editing efficiency during development could be observed for several sites ([Figure 1](#F1){ref-type="fig"}). However, in the transcripts of the serotonin receptor 5-HT~2C~, the nature of the five edited sites can be divided into two groups: (i) increase in editing during development and (ii) close to a constant level of editing through development. The efficiency of editing at site A and B increase rapidly from E15 to E19, but show only a moderate increase after birth ([Figure 1](#F1){ref-type="fig"}A). The D site in this transcript have no pre-natal increase in editing but a high level of close to 50% editing already at E15. After birth, the increase is similar to what was observed for the A and B sites. Dissimilar from the other sites, C′ and C, located next to each other, have a low level of editing that is constant through development.

The Adar2 pre-mRNA is edited at many sites within intron 4 ([@B7]). We analyzed the efficiency of editing at nine of these sites located in the proximity of each other. Also in this substrate, the developmental regulation of editing can be divided into two groups. Editing of sites (+24, +23, +10 and −1) increases during development, whereas for the other sites (+28, −2, −4, −27 and −28) it increases only moderately or not at all, ending with a low efficiency of editing (under 20%) in the adult animal ([Figure 1](#F1){ref-type="fig"}B). The most efficiently edited site is at +24, where more than 80% of the transcripts are edited in the adult brain.

The I/V and Y/C sites edited in the kainate receptor transcript GluR-6 were analyzed. Editing of these two sites is regulated during development in a similar way as the efficiently edited sites in the 5-HT~2C~ and Adar2 transcripts. A dramatic increase in editing efficiency is observed from the embryonic stages to P2, and at a slower rate of increase up to P21, where 74 and 80% of the transcripts are edited at the I/V and Y/C sites, respectively ([Figure 1](#F1){ref-type="fig"}C).

Taken together these results indicate that edited sites within a substrate are regulated differently and the most efficiently edited sites follow a similar trend of increased editing during development.

Is the editing enzyme attracted to specific sites?
--------------------------------------------------

Using the 454 amplicon sequencing method, editing in a large number of individual transcripts can be analyzed. We wanted to see if there is a preference in the affinity for different sites in the editing substrates. For each developmental time point, 129--1329 transcripts were analyzed from the three different substrates ([Figure 1](#F1){ref-type="fig"}). Since the efficiency of editing is low during embryogenesis, we assumed that the amount of active editing enzyme is limited at this stage. If certain sites have higher affinity for the enzyme, then this should be reflected in the pattern of edited sites. At E15, the majority of the edited 5-HT~2C~ transcripts (26%) were singularly edited at the D site ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkp731/DC1)). After further development, both A and D are seen as singularly edited sites in the transcripts analyzed at E19, P2 and P21. The fact that we only detect singularly edited sites at A and D suggests that these are sites of the highest affinity for editing, and we thus consider them to be principal editing sites. Interestingly, these sites are preferentially edited by different ADAR enzymes, the A site by ADAR1 and the D site by ADAR2 (11,12). This might explain why this transcript has dual principal sites. Only one principal editing site can be identified in the Adar2 transcript. Through development the +24 site is clearly the dominant site in singularly edited transcripts ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkp731/DC1)). At day P2, 247 of the 781 transcripts analyzed are edited only at the +24 site. Hence, our interpretation is that the +24 site has the highest affinity for editing in the Adar2 transcript. This is also the most efficiently edited site at P21 with more than 80% of the transcripts edited. Even though there are only two sites of editing in proximity to each other in the GluR-6 transcript, one of them (Y/C) is found to be the dominant site for singularly edited transcripts with the peak at E19 with 25% of the transcripts edited only at the Y/C site (6% for I/V). Following the same pattern as for the other transcripts, Y/C is also the most efficiently edited site in the transcript.

Taken together, the frequency of singularly edited transcripts in all substrates analyzed peak when the activity of the editing enzyme is limited and decrease during late development with an increased editing activity ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkp731/DC1)). At the same time, the number of multiple edited transcripts increases with development. We propose that the singularly edited transcripts indicate principal edited sites with high affinity for the editing enzyme, although we cannot exclude an initial binding of the enzyme at other sites.

Coupling occurs between edited sites
------------------------------------

We wanted to know if editing at the principal editing site is coupled to other sites that show a similar trend of increased editing efficiency during development. The 454 sequencing method allowed us to statistically analyze the editing events in each target transcript individually. We can therefore determine if distinct editing events show any combinatorial behavior, such as interdependence for instance; i.e. determining if a position, N, in a target transcript is edited, then is there another position, N′, also edited? Alternatively, if position N is not edited, then is N′ edited or not? To answer this type of questions, we used a *χ*^2^-test with significance *p* = 0.05 and 1 degree of freedom. The null hypothesis is that the positions are independently edited (see also 'Materials and Methods' section). In [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkp731/DC1), the sequential context of the sites and a schematic *χ*^2^ matrix are shown. Along the solid diagonal arrow, there is a pattern where either the two positions are edited (G and G) or not edited (A and A). The dotted diagonal arrow follows entries that correspond to the reverse, A and G, or G and A. If *a* and/or *d* in the solid diagonal is significantly favored, i.e. if *[a]{.ul}* + *d* ≫ *c* + *b*, they are considered to be positively coupled. A negative coupled pair of positions would significantly favor the elements along the dotted diagonal. Since we performed multiple statistical measurements of coupled sites, for example 36 different *χ*^2^-values were calculated from 36 2 × 2 matrices in the Adar2 transcript, we made a Bonferroni correction to the *p*-value per target region and developmental stage. The motivation for this was that if *p* is assigned to 0.05, we statistically anticipate to falsely reject the null-hypothesis one time if we perform the measurement 20 times (1/20 = 0.05). It should be noted that the usage of a Bonferroni correction of the *p*-value is considered to be very strict by its implementation, and thus we increase the quality level of the results. After the Bonferroni correction, we have significances of *p* = 0.0014 and 0.005 for Adar2 and 5-HT~2C~, respectively. The corresponding critical *χ*^2^-values are 10.22 and 7.88 and any pair having a higher *χ*^2^-value is considered to be significantly coupled (either negative or positive).

In addition to the *χ*^2^-test, we made cluster analyses on the substrates with more than two edited sites. Mutual editing patterns were compiled into classes where members in a class share a synchronous editing pattern within the same target transcript ([Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). An intrinsic feature of the cluster analyses, not seen from the *χ*^2^-test, is that more than two (a pair) positions can be categorized into the same class. Hence, we detect coupling between more than two edited positions directly. The cluster analyses also show how closely related editing at different sites are. Figure 3.The resulting dendrograms from the cluster analyses of 5-HT~2C~ edited positions at the four developing stages with the corresponding clustering of positions (classes).

Overall, there are several sites that are positively coupled ([Table 1](#T1){ref-type="table"} and [Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gkp731/DC1)). We consider two positions to be coupled (+) if only one of the tests show coupling, or strongly coupled (++) if both the *χ*^2^-test and the cluster analysis show coupled properties. To analyze coupling of edited sites at different levels of editing, we applied the coupling analysis on the four different developmental time points. Table 1.Coupling between edited sites in mouse brain at developmental day P2![](gkp731i1.jpg)[^1]

In the Adar2 transcript, there is a strong coupling between the +24, +10 and −1 site. According to the cluster analysis these sites are coupled at all developmental stages indicating that coupling occurs regardless of editing efficiency ([Figure 2](#F2){ref-type="fig"}). Another site that is strongly coupled to these three sites at E15, E19 and P2, is +23. This coupling is also confirmed by the *χ*^2^-test. Both analyses indicate that even if the strongest coupling is between sites +24, +10 and −1, coupling is also seen between other sites.

In the 5-HT~2C~ transcript, the D site is strongly coupled to A and B, while the C site is more weakly coupled to this group ([Figure 3](#F3){ref-type="fig"}). Strikingly, the C′ site is consistently detached from the other classes in the cluster analyses. At day P2, it is even clearly negatively coupled to the A, B and D sites and show no coupled properties at the other three stages. Coupling between sites A and B has previously been stated ([@B18]). The A and B sites are only separated by one nucleotide; the coupling can therefore be explained by a slipping of the enzyme between the sites. However, the coupling between sites A and D was harder to foresee since they are preferentially edited by different ADAR enzymes. Indeed, in several cases, coupling occurs between sites edited by different enzymes. Therefore, coupling does not discriminate between sites that are edited by ADAR1 or ADAR2, indicating that there is a communication between the two proteins on the same transcript.

Coupling of edited sites occurs at defined distances from each other
--------------------------------------------------------------------

An interesting question based on the coupling results is whether there is any consensus between the edited sites that are coupled. To visualize such a pattern, we calculated all distances between sites that showed coupling, *x*~sd~ (see distance, [Table 1](#T1){ref-type="table"}). The edited positions in the Adar2 transcript revealed a pattern of 'hot-spot' editing at a semi-fixed distance from each other. There are four hot-spots: \[− 28, −27\]; \[− 4, −2, −1\]; \[+10\] and \[+23, +24, +28\]. Hot-spot \[+10\] has a spacer distance of 11--14 nucleotides (nt) from the nearby sites. We decided to call this semi-fixed spacer distance *a*~sd~ ≃ 12 nt. The distance between the hot-spot at −2 and −27 is 2 × *a*~sd~ and between +10 and −27, there is 3 × *a*~sd~ = 36 nt. For every possible *x*~sd~, 1--55, we counted the number of coupled sites in the Adar2 transcript with that spacer distance ([Figure 4](#F4){ref-type="fig"}). There is a clear pattern of preferred spacer distances of coupled editing events. Pairs of coupled edited sites have *x*~sd~ in the intervals: 1--4, 10--14, 23--26, 36--37 and 50--51. The peaks in the graph are centered on the average distance between coupled pairs in each interval and the height reflects the number of coupled pairs in the corresponding interval. The most common *x*~sd~ is in the range 23--26 nts with seven coupled edited pairs in this region. Noteworthy, is that the interval peaks are multiples of *a*~sd~ and that there are adenosines in between these hot-spots that are not edited. Figure 4.The result from the compilation of clustering of spacer distances of coupled positions in Adar2. The *x*-axis show the discontinuous available spacer distances (1--55) in nucleotides (nts). Couplings indicate the number of coupled position pairs having the corresponding distance. The peaks are at the spacer distances that tend to group: 1--4, 10--14, 23--26, 36--37 and 50--51. The height of a peak indicates to the total number of coupled positions in the group to the right.

The two edited sites I/V and Y/C in GluR-6 are separated by 13 nt (1 × *a*~sd~). Both sites in GluR-6 are efficiently edited but could in theory show either mutual editing or detached editing on the same transcript. Strikingly and in convincing correlation with our results from the coupling analyses of Adar2, we found strong coupled properties between the I/V and Y/C sites consistently through development ([Table 1](#T1){ref-type="table"} and [Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gkp731/DC1)).

In the 5-HT~2C~ transcript, the space between edited positions differs from Adar2 and GluR-6. The A to D and B to D sites are separated by 12 and 10 nts, respectively. These are coupled following the pattern seen in Adar2 and GluR-6. The A and B sites, separated by 1 nt, are also strongly positively coupled, hence following the pattern seen in Adar2. Interestingly, a negative coupling can be seen between A and C′, B and C′ as well as D and C′, which are separated by 5, 3 and 6 nts, respectively. This result indicates that other sites are rarely edited when editing at the C′ site occurs.

Based on observations made in these three transcripts, we conclude that distances between coupled sites (*x*~sd~) cluster at distances that are multiples of *a*~sd~. Hence, there is a clear pattern of synchronous editing of sites separated by *n* × *a*~sd~, where *n* = (0), 1, 2, 3, 4.

Coupling of edited sites is directional initiating at the principal site
------------------------------------------------------------------------

Our model of consecutive binding of ADARs would suggest that editing within a transcript is directional from the principal edited site. To analyze this, we used the Adar2 transcript and the +24 principal site of editing. If we denote edited or not edited at a site with 1 or 0, then for the four consecutive sites, starting with the +24 site, we expect patterns like '1 1 1 1', '1 1 0 0' or '1 1 1 0', but more rarely '1 0 0 1'. When the sequences were analyzed, we saw that our model is supported by 98.3, 94.3, 92.1 and 73.6% of the transcripts for the different developmental stages. Therefore, the data strongly support the model of directional editing initiated at the principal site.

The tertiary structure determines coupling
------------------------------------------

To better understand why coupling between edited sites are at certain distances to each other, we predicted the tertiary structure of Adar2 and the 5-HT~2C~ from their sequence information using the MC-Fold and MC-Sym algorithms ([@B17]); <http://www.major.iric.ca/MC-Pipeline>; see Methods section). These assign and score small RNA building blocks observed in NMR and crystallographic data that best accommodate the sequence, which are then assembled into secondary and tertiary structures. All adenosines at the sites of editing are involved in the formation of a base pair with either U and score small RNA building blocks observed in NMR and crystallographic data that best accommodate the sequence, which are then assembled into secondary and tertiary structures. All adenosines at the sites of editing are involved in the formation of a base pair with either U (e.g. +23, −1, −2 and −4 in Adar2) or C (e.g. +24 and +10 in Adar2). In all the models we built, the AU base pairs adopt the Watson--Crick geometry. The AC pairs are less stable but in all cases they include at least one H-bond involving the NH~2~ donor group or N1 acceptor of the A, and are thus isosteric to the Watson-Crick geometries. Both AU and AC base pairs expose the sugar and Hoogsteen edges of the adenosines. The details of the interaction between the Adar2 and 5-HT~2C~ RNA with the editing enzyme are not known. However, it is tempting to speculate from the invariant base pairing geometry that the editing mechanism is the same in both cases and at all sites.

Strikingly, the predicted structures revealed that the Adar2 sites +24, +23, +10, −1, −2 and −4, which were shown to be coupled in at least two developmental stages, are all located on the same side of the helix ([Figure 5](#F5){ref-type="fig"}A). Apart from the edited sites that have been analyzed experimentally in this study, the Adar2 transcript is edited at several other sites on the opposite strand of the predicted hairpin structure ([@B7]). These sites had to be excluded since the maximum length of the RNA we isolated was set to ∼200 nt and the upstream edited sites are located close to 1500 nt from the region we chose to include in our analysis. However, superimposition of these sites onto our MC-Sym structure reveals that the most extensively edited sites (− 1476, −1500) are located on the same side of the helix as the ones we show are coupled (data not shown). Worth mentioning is also that the 17 other adenosines in this region show no or marginal signs of editing. These results indicate that editing preferentially occurs at sites on the same side of the helix and that editing of these sites, are strongly coupled. Figure 5.Predicted tertiary structure of the edited RNA substrates Adar2 and 5-HT~2C~. (**A**) Right, the Adar2 transcript seen from the front as indicated by the arrow in the secondary RNA structure to the left. Edited nucleotides are indicated in red. (**B**) To the right is the 5-HT~2C~ transcripts seen from the front as indicated by the arrow in the secondary RNA structure to the left. Edited nucleotides are indicated in red.

The serotonin receptor transcript 5-HT~2C~ differs in where the edited sites are located in the tertiary structure ([Figure 5](#F5){ref-type="fig"}B). Out of the five edited sites, three are located on the same side of the helix structure. These three sites (A, B and D) are strongly coupled to each other in all combinations. Interestingly, the other two sites (C′ and C) are located on the opposing side of the helix. As previously mentioned these sites show low efficiency of editing without a strong coupling to other sites. The C′ site is even negatively coupled to the sites on the other side of the helix ([Table 1](#T1){ref-type="table"}). This result gives further evidence that efficiently edited sites are located on the same side of the RNA helix and that editing of these sites is positively coupled.

DISCUSSION
==========

The mechanism behind the recognition of ADAR editing sites has not been fully elucidated. From previous work we know that the ADAR enzymes recognize specific adenosines within dsRNA interrupted by bulges and loops ([@B19]). We have previously shown that bulges and internal loops are important for editing specificity in a natural substrate, but not for binding (8,20). Furthermore, ADAR2 associates preferentially with an imperfect RNA fold-back structure over a perfect RNA duplex within the same molecule ([@B21]). By foot-printing analysis from our work and that of others, it is also known that the ADAR2 protein covers a region of 11--16 nucleotides on the natural GluR-B substrate at the R/G site (20,22). Consistent with the known length requirement for dsRNA binding domains (dsRBDs), a minimal duplex length of 15--20 nucleotides is required for deamination ([@B23]). The binding by both dsRBDs (I and II) in ADAR2 has been confirmed by NMR tertiary structure analysis of the GluR-B R/G substrate ([@B24]). Even though dsRBDs are not highly sequence specific, it has been shown that the dsRBDs of ADAR2 binds selectively to a natural substrate and that this binding is different from the binding of dsRBDs in the dsRNA binding protein kinase (PKR) ([@B9]). Also the deamination domain contributes to the recognition of a substrate. Although the details for this recognition is less clear, it has been shown that the specificity for a substrate can be changed by exchanging the ADAR1 and ADAR2 deamination domains ([@B25]). The specificity of ADAR1 and ADAR2 overlaps, although some sites are edited entirely by one enzyme or the other. There is a bias in the nearest neighbor preference to an edited site where the 5′ upstream nearest neighbor rarely constitutes a G ([@B26]). ADAR2 also shows a 3′ nearest neighbor preference where U = G \> C = A ([@B27]). Furthermore, there is a preference for a cytosine opposing the targeted adenosine. This preference seems more pronounced for ADAR1 than for ADAR2 ([@B25]).

Still, it is largely unknown why only certain adenosines in a duplex are subjected to editing while others that appear to be in the right context in the secondary structure are not. Here, we analyzed the initial recognition of an edited substrate and the coupling between edited sites within transcripts edited at several sites. We used the 454 amplicon sequencing protocol to evaluate single transcript A-to-I editing in mouse brain. All transcripts analyzed in this study have edited sites with a certain distance from each other, consistent with *n* × 12 nt, where *n* = (0), 1, 2, 3, 4. With two sets of statistical tools, compiling data from four different time points during development, we show that editing at the distance of 12 nts (*a*~sd~) is strongly coupled. Coupled editing at multiples of *a*~sd~ also leaves room for more than two enzymes interacting with the target RNA. In addition, positively coupled positions at a distance of 1--2 nucleotides were found ([Table 1](#T1){ref-type="table"}). Coupling of the adjacent edited sites are probably a result of an ADAR slipping to neighboring adenosines. As previously suggested, upon ADAR/RNA binding, adjacent adenosines could be sequentially edited before disassociation ([@B19]). We also observed coupling of sites at a distance of ∼24, ∼36 and ∼50 nucleotides in the Adar2 transcript. This observation suggests that one edited site can influence editing at other sites even if they are at high intramolecular distances from each other, either by direct contact or through binding of several enzymes along the helix structure. Furthermore, through development there are multiple transcripts with one single editing event. In Adar2, 27% of the transcripts are singularly edited at the +24 site, indicating that this is the principal site to attract the ADAR enzyme.

The editing pattern seen in the 5-HT~2C~ receptor transcript is both coherent with and different from what we observed in the other transcripts. Also in this transcript there is a strong coupling between edited sites at a distance of 12 nucleotides (A and D). However, there are also edited sites at a distance of ∼6 nucleotides. Interestingly, these sites show: no, weak, or even negative coupling to the other sites ([Table 1](#T1){ref-type="table"}). Coupling and recognition of edited sites in the substrates can be explained by analyzing the predicted tertiary structure of these RNAs. All edited sites that show a strong coupling are located on the same side of the RNA helix while the negatively coupled sites are on opposite sides in the structure ([Figure 5](#F5){ref-type="fig"}). During embryogenesis, the principal editing site in the 5-HT~2C~ substrate is the D site. At embryonic day 15 (E15), 27% of the transcripts are edited only at the D site ([@B14]). An interesting observation is that from day E19 to P21 transcripts with singularly edited sites at the A and the D site are found at the same levels. We interpret this as a possibility to initiate editing of the transcript at either the A or the D site, but that ADAR2 editing the D site initiate editing earlier than ADAR1 since it is the only site edited during early development. Furthermore, previous results from our laboratory show that the editing pattern ABD is considerably more frequent than only AD ([@B14]). This is confirmed in our cluster analyses showing a stronger coupling between A and B than with D ([Figure 3](#F3){ref-type="fig"}). This is somewhat surprising since A is edited by ADAR1 and B mainly by ADAR2, just like the D site.

In conclusion, our current model is that a principal editing site will initially attract the editing complex. Subsequently, other adenosines will be deaminated through two different processes: (i) deamination of adjacent adenosines by the same ADAR complex; (ii) deamination of adenosines located at distances that are multiples of *a*~sd~ by consecutive complexes binding to the same stem target ([Figure 6](#F6){ref-type="fig"}). We further hypothesize that the less efficiently edited adenosines that are not principal sites have to fulfill the following criteria to be edited: (i) be located in a stem loop structure; (ii) have preferred nearest neighbor nucleotides; and (iii) be located on the same side of the helix as the principal editing site. Thus, adenosines that appear to be in the right context, fulfilling the first two criteria, will remain non-edited if they are not in a structurally favorable position with respect to the site of editing initiation. A model where one ADAR enzyme is processive, editing several consecutive sites is less likely than multiple enzymes binding to the same transcript since there would be no reason then to find editing only at certain distances (*n* × *a*~sd~) from each other. We therefore propose that consecutive enzymes bind in register to deaminate subsequent adenosines after the first attraction to the principal site ([Figure 6](#F6){ref-type="fig"}). One explanation why we find editing initiating at specific sites might be that editing at the principal site leads to a conformational change of the RNA molecule that facilitates further editing at other sites. A substrate conformational change upon editing has previously been suggested at the R/G site of GluR-B by the Beal laboratory ([@B22]). In future analyses, we would like to determine if the editing pattern is different in absence of the principal editing site. Figure 6.Model for multiple A-to-I editing of site selectively edited RNA. Editing is initiated at a principal editing site, possibly during transcription. A second site is edited at the distance of *a*~sd~ from the initiation site. This site is situated one helical turn from the first site. Consecutive editing can occur at the distance of approximately *n* × *a*~sd~, but also immediately adjacent to edited hot-spots.

It has previously been proposed that the ADAR enzymes interact with their substrate as a dimer, where the dsRBDs have been shown to be important for the dimer formation of ADAR2 (28,29). The dimer interface to the RNA has been suggested to be similar to the 2-fold ('yin-yang') symmetry adopted by cytidine deaminases (30,31). Here, both monomers interact symmetrically with the helical structure of the RNA. In these homodimers only one catalytic center is active, whereas the other center binds a downstream U residue. Our data support this model, since we only find coupled positions located on the same side of the helix. It is therefore unlikely that two active catalytic centers bind symmetrically. Nonetheless, we cannot rule out the possibility of other dimer interfaces interacting with the RNA such as a 'head-to-tail' binding or that one monomer is not facing the RNA. However, given the homology between the cytidine and adenosine deaminases this is unlikely.
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[^1]: If both the *χ*^2^-test and the cluster analyses show coupling it is assign (++). If one test show coupling it is indicated as (+). The indication 'neg' means negatively coupled sites. After the Bonferroni correction, column values should be compared to \>10.22 for the Adar2 sites and \>7.88 for the 5-HT2c sites. For developmental day E15, E19 and P21 see [Supplementary Table X](http://nar.oxfordjournals.org/cgi/content/full/gkp731/DC1). n.d. = not determined.
